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LIGHTNING DATA ANALYSIS

SECTION I. INTRODUCTION

This Final Report on Contract F33615-81-C-3410 is divided in-
to threc parts: Part 1 (SECTION II) discusses our analyses of cor-
related airborne and ground-based electromagnetic data obtained
during the AFWAL/FIESL lightning characterization program in South
i'lorida; Part 2 (SECTION III) is concerned with the calculations
o! lightning return-stroke electric and magnetic fields at flight
altitudes; and Part 3 (SECTION IV) includes the specification of
a lightning test standard and a discussion of the validity of
deriving lightning currents from electric and magnetic ficlds
measured remote from the lightning. This part also discusses some
calculations of clectric field frequency spectra and a comparison

of lightning and an NEMP produced by an exoatmospheric burst.

SECTION II. CORRELATED AIRBORNE AND GROUND-BASED LIGHTNING ELECTL.'-

MAGNETIC DATA

During 1979, 1980, and 1981 the AFWAL/FIESL directed a proqran
designed to characterize airborne lightning electric and magnetic
fields (see "Airborne Lightning Characterizatioai", AFWAL-TR-83-~3013,
January 1983, by P. L. Rustan, B. P. Kuhlman, A. Serrano, J. Reaser,
and M. Risley). A WC-130 aircraft, instrumented for electric and
magnetic field measurements, was flown in South Florida in the
vicinity of a network of ground-based stations that provided wide-
band electric fields at ground level and data that could be used to

determine the location of lightning VHF sources. A thorough analysis

1
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of the voluminous data obtained will take many vears. We, in
conjunction with AFWAL personnel, have completed a survey analysis
of ten lightning events from the South Florida study and a detailed
analysis of one event that occurred at 17:09:40 EDT on July 16,
1981. Appendix A contains a scientific paper that describes the
results of our analysis of the 17:09:40 event. This flash is
typical of most of the lightning events in that the results obtained

and new questions raised are similar to those for other events.

ror the 17:09:40 event, a two-stroke flash with separate chan-
nels to ground, lichtning channel reconstructions were nossible for
both channels to ground via the VHF time-of-arrival system. Elec-
tric and maognetic fields were recorded on the WC-130 and electric
fields were recorded at the ground. The following conclusions can
be drawn from the detailed analysis of the 17:09:40 flash and sur-
vey analysis of other events: Maximum rates-of-change of airborne
electric fields from the last few stepped leader pulses and from the
fast field transiticns of return strokes are about 3 V/m us normal-
ized to 100 km. These values are an order of magnitude smaller than
those reported by Weidman and Krider (1980) and Weidman (1582) for
leader and return stroke pulses measured at ground level over salt
water. Fiqure 1 shows a histoaqram of maximum dE/dt values measured
at ground level over salt water and normalized to 100 km for the fast
field transitions of return strokes. The mean is 33 V/m us. It is
crucial to understand why the airborne electric field rates-of-change
are so slow. One possible explanation that needs further examination
is that since the stepped leader and return stroke fields are aener-
ated near the around, the electromaagnetic wave mav be coupnled to or

2
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for Return Strokes Normalized to a Range of 100 km
(from Weidman, 1982).
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L reflected from the non-perfectly-conductina earth and thereby produce
a degredation of the airborne risetime. A theoretical analysis 1is

. possible. Additionally, the fields at the aircraft altitude or above

should be examined to see if there are faster rates-of-chanae that

are characteristic of pulses produced far above around. A search of

-‘
’
v
>

the records for these kinds of data is outside the scope of the pre-
sent study.

ELlectric-field risetimes measured on the aft uvpper fuselace of
the WC-130 are always faster, up to 0.5 us faster, than those mea-
sured on the forward upper fuselage. Further, the field amplitudes
on the aft upper fuselaae are a factor of 3 to 4 smaller than on the
forward upper fuselage. The model study by Dlectro Maanetic Applic-
ations, Inc. (EMA) of the electromagnetic response of the WC-130
aircraft to the electromaanetic signals originatinag at the known
locations of the steoped leaders and return strokes of the 17:09:40

event show the risctimes of the two sensors to be identical. More-

over, each antenna response is essentially the incident field times

a scale factor. A possible explanation for the observed difference

———— I e o A A

in the two sensors is that on the actual aircraft there was a thin-
| wire antenna above the aft upper fuselage antenna which both could
i have shielded it and could have caused resonances that affected the
measured risetime. It was not reported until verv recently that
there was such a thin-wire antenna on the WC-130, so the antenna was
not modeled in the EMA study. Future work should include modeling of

the exact confiquration of the aircraft including all wire antennas.

The measured fields on the aircraft show a pronounced resonance at
about 3.7 MHz which is not produced by the model illumination of the

WC-130 with a spherical electromagnetic field. The model calculations

4
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show a relatively small resonance at about that freguency. n order
to understand better the generation of resonances, the model calcula-
tions should be expanded to include {iecld components in the direction
of propagation which may be more cfficient excitors of resonances.

The effects of angle of incidents of the incoming electromaanetic wa. o

on the aircraft response should also be studied.

SECTION III AJIRBORNE ELECTRIC AND MAGNETIC FIELD CALCULATIONS

The results of our calculations of lightning return stroke fields
above ground are given in the scientific paper in Appendix B. Two
sets of calculations are presented: those for which the initia: nean
current propagates up the channel unattenuated and those for which the
peak decreases exponentially with height with a decay length of .7
km. Recent work by Jordan and Uman (1983) has shown that, whilie the
return stroke light decays exponentially with height with about a 1.0
km decay length, the relation between light and current is such that,
in all probability, the current decays much more slowly with heiaht
than does the light. Thus, the fields to be expectcd above grour?
should be between the two cases presented in Appendix B.

The results in Appendix B arec primarily concerned with overall
field waveshapes and no data are given on risctimes. The risctimes in
the air above a perfectly conductina ground arce determined by borh the
risetime of the line-of-sight wave and the delayed risctime of the
reflected wave from the ground. For each small channel section thax
radiates a field the vpropagation delay is different, and thus the
total risetime observed above a perfectly-conductina qround can only
be determined by a relatively complex calculation. In view of the

fact that the risetimes measured on the WC-130 aircraft are

5




substantially slower than ground~based measurements made over salt

R Y

water, as noted in the previous scction, the calculation of airborne
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risetimes, cven for the case of a perfcectly conducting earth, would

appear to be desirable.

SECTION IV. LIGHTNING TEST STANDARD

~

Tables IA and IIA of the scient ic paper in Appendix C give

our recommendation for a lightning i1 nrn stroke test standard for
average first and subsequent return . ies, as well as a comparison
of lightning and NEMP. We recommend, as noted in Appendix III, that

severe strokes be modeled by scaling the current amplitudes for aver-

age strokes up by a factor of 5. We have chosen to use current wave-
forms derived from remote field mecasurements rather than those found
from direct tower measurement (given in Tables IB and 1IB) for the
reasons discussed in Appendix C and in the following. The best avail-
able direct current measurements, as discussed in Appendix C, come
from Berger and Garbagnati and are based on strikes to towers on two
mountains near the Swiss-Italian border. In these data, the risetimes

of first return strokes are considerably slower than those of subse-

. . 1 N
guent strokes and a peak current derivative, (I/dt, of 1 x 10°! A/s
occurs 1n about 1% of the subsequent strokes. However, in a South
. - . i I - 1
African study, as noted in Appendix ¢, a ¢ /dt of 1.8 ~ 10°* A/s was

measured for one lightning strike to a tower on relatively flat ground

in a small sample of flashes. This case is apparently the laragest ‘
dI/dt that has been measured directly. Later measurcments on the same |
South African tower (Erikkson, 1982) using a waveform digitizer showced

4 out of 5 subscquent strokes in a =i: stroke flash (ocut of a sample |

of 3 multiple-stroke flashes) had ri-e¢times less than 0.2 .s, the

6
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sample *lace, and the ¢ /dt groeater than 0,08, o3, 1.5, a0

times 10" A/s. Whether currents measurcd on towers arc riolo pog-
resentative of the currents in the lightning channcel above aroaned,
or of the currents that would tlow through an aircratt abouve groaen s,
is not known. The shape of the tower currenc, parvicular. .y oooie

the first return stroke in a flash, is not consistent with cic « . oo-
tric and magnetic fields produced by normal liahtning tu aroond
(Weidman and Krider, 1978). Unfortunately, thcrc¢ cre no sicult.no
measurcments of the clectromagnetic fticlds and currents Garans

gquent strokes in rocket-triggered flashoes, ana thoy oove
measurements to compute roturn stroke velocibires aoin s toe
aiven in Appendix C. Using this method, the Pronel Cbtaineas

velocity of 1.3 x 107 m'/s with a standard deviation o oL 03

-
—

using magnetic fields, and a mean of 1.7 « 10 /=
deviation of 0.43 x 10" m/s using electric fields {(Vieux v i, oo

Dejebari et al., 1981). These velocity determinat.ons are o o950,

with the photographic measurements of Icdone and Grvilico (i<
report a mean of 0.96 x 10" m/s for first strokes within | un
ground and a 1.2 x 10" m/s for subscquent strozos.  hororor.,
regard the Prench measurements on triagaered oaitoong as g

some support for the theory given in Appenais . Pt intorostin

—
~
c
3
~
1

to note that the 10-907 risetimce of the 'raench curro

shown as an example 1s about 0.1 us and that the poak current

] ) ) d B .
10 kA (Fieux et al., 1978), yielding a “I/dt of 1 x 10°° A/s.
Return stroke currents that are derived from necasure.d oo o o
. 11 .
A mean maximum ¢ /dt of about 1.5 x 10°"' A/s, and the mawimun measar.

value is about 4 x 10'!' A/s in about 100 mcasurcments.

S84 . . ,
TeAn maXimum /dt derived from fields 1s cauiva.ens

7




irn the tower data. 1In the paper in Appendix C, we have assumed that
a typical lightning has maximum dI/dt of 1.5 x 10'!' A/s and pecak cur-
rent of 35 kA, and that a severe lightning has a maximum dI/dt and
pcak current that are five times larger than the typical lightning,
i.e. 7.5 x 10'' A/s and 175 kA, respectively. These choices for a
severe lightning have been criticized because they associate the
largest pecak current with the greatest dI/dt. We shall explore the )
validity of these choices below.

'igure 1 shows the submicrosecond structure of a typical return
stroke radiation field and identifies the portion just prior to the
i»eak that has the largest dE/dt. In our model, dF’/dt is directly
vroportional to dI/dt and the constant of proportionality contains
the roturn stroke velocity near ground, as noted in Appendix C. A
srstogram of measured dE/dt values normalized to 100 km for the fast
ticeld transition are plotted in Figqure 1 for lightning at a number of
distances over salt water (Weidman and Krider, 1980; Weidman, 1982).

Jhese measurements were made over salt water, and evidently the pro-

pagation distance does not affect the measured values. The mean max-

1mum dn/dt during the fast transition is 33 V/m us normalized to 100
ki, and the mean 10 to 90% field risetime is 90 nsec during the fast
transition.

i'ilgqure 2 shows the relationship between the maximum dE/dt and
the corresponding AE during the fast transition. The values of dE/dt
and 'E do appear to be correlated, and this implies that a larae cur-
rent peak will produce a large dI/dt as we have assumed for our
severe lightning. On the other hand, only 8 out of 108 points in
I"igure 2 are above 50 V/m us, and these have a larger variation in

i than the points below 50 V/m us. Therefore, it micht be argued

8
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that there is not enough dE/dt data to draw a firm conclusion about
the distribution at high values of d“/dt. It has been suqggested that
the data may be approaching a limit at about 75 V/m ns, but this docs
not appear to be valid in view of the small number of measurements.
It has also been suggested that the data above 50 V/m us may be pro-
duced by a different process than the data below this value, e.g. by
two channels radiating simultaneously, but there is still no direct
evidence that this suggestion is valid.

Figure 3 summarizes all the available data on the values of the
maximum return stroke dI/dt. The data for the field-derived dI/dt
are plotted assuming a return stroke velocity of 1 x 10” m/s. The
plotted lines show where these data would fall if the velocity were
cither 1.4 x 10 or 0.6 x 10%® m/s. It is clear from this figure that
the averaqge tield-derived dI/dt'S correspond to the maximum values of
the tower measurements for subsequent strokes and that the tower
values for first strokes are significantly lower than those for sub-
sequent strokes.

As noted earlier, the validity of our model relating fields and
currents is supported by the French measurements on triggered light-
nina, and we think this model, which assumes that an upward propaga-
ting current pulse is associated with the return stroke wavefront,
is the best that is currently available. An alternate model, which
assumes that a spatially uniform but time-varying current propagates
upward, the so-called Bruce-Golde model, yields a field-derived
dI/dt that is within a factor of 2 of that found with our model.
Essentially all of the high frequency content of the field is deter-
mined by the current rise to peak and the current fall just after
peak, so the validity of the return-stroke current model after the

10
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peak 1s of sccondary importance.

1t has also been suggested (Uman et al., 1973; Weidman and
Krider, 1978) that the initial first stroke field may be produced
by currents propagating both upward and downward from the junction
between the upward and downward leaders. This effect would lower
our field-derived dI/dt by a factor of 2; but such an effect should
not occur in subsequent strokes and these are observed to have about
the same dE/dt and hence dI/dt as first strokes.

As an extension of the calculations in Appendix C, Figure 4
shows clectric field spectra for an average first stroke at dis-
tances between 50 m and 10 km. The dashed lines in Figure 4 show
the spectra of just the radiation field term so the contribution
of the electrostatic and induction fields can be evaluated.

An aircraft in flight probably will not encounter the return
strokes current characteristic of ground level considered above;
but, on the other hand, the maximum dE/dt values in cloud pulses
and leader steps and the associated amplitude spectra above 10" Hz
are very similar to those of return strokes (Weidman et al., 1981).
Although we do not yet have a model for these processes in which
we are confident, the available measurements imply that the maximum
current derivatives in these processes are comparable to return
strokes. Therefore, we expect that the hazards from the high fre-
quency components of cloud-discharges may well be similar to return
strokes near the ground.

Since the actual lightning channel is tortuous, it might be
expected that the frequency spectra shown in Figure 4 miqght be af-

fected by that tortuosity. We argue now that this is not the case

12
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at close range where the large field magnitudes could adversely
affect an aircraft. Levine and Meneghini (1978a) have used a simple
current model to calculate the fields which are radiated by a tortu-
ous channel and have shown that the tortuosity increases the "jag-
gedness" of a time-domain waveform and increases the spectral ampli-
tude above 10° Hz by about 20 db. We have repeated their calcula-
tions for both distant and close (50 m) fields for a first stroke
that has the current parameters given in Appendix C, Table 1A. The
channel tortuosity is that given in Figure 2 of Levine and Meneghini
(1978b). The results are shown in Figure 5, and it is clear that
tortuosity does not appreciably alter the spectrum of the electro-
static or induction components which dominate the fields at close
ranges. The change in the radiation field spectrum with tortuosity
is an increase of about 10 db above 10° Hz. These calculations are
critically dependent on the channel current waveform and the assumed
tortuosity. On the other hand, the time-domain waveforms for the
simulated tortuosity are much more "jagged" that the experimental
data, which for subsequent strokes are actually quite smooth, so the
effects of tortuosity may not be nearly as large as these calculations
would indicate. 1In fact, most of the frequency content above 10° Hz
in the measured time-domain fields from first and subsequent strokes
is produced within 1 psec or so of the peak field; and this implies
that most high frequencies are radiated at a time when the stroke is
within a few hundred meters of ground and prior to the time when
tortuosity can play a significant role. Why subsequent stroke

field waveforms are smooth when photographed channels appear to have
considerable tortuosity is not clear. Currently, there are studies

under way at the University of Arizona to measure tortuosity and

14
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branching in real channels, and in the future these will be coupled

with calculations of fields by the University of Florida. We hope

that these future studies will resolve this apparent contradiction.
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APPENDIX 1

Airborne and Ground-Based Lightning
Electric and Magnetic Fields and VHF
Source Locations for a Two-Stroke Ground Flash

Reprinted from

International Aerospace and Ground Conference on
Lightning and Static Electricity
1983
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ATRBORNE AND GROUND-BASED LIGHTNING
ELECTRIC AND MAGNETIC FIELDS AND VHF SOURCE
LOCATIONS FOR A TWO-STROKE GROUND FLASH

M. A. Uman and E. P. Krider
Lightning Location and Protection, Incorporated, Tucson, Arizona
P. L. Rustan, Jr., B. P. Kuhlman, and J. P. Moreau
AFWAL/FIESL, Wright-Patterson AFB, Ohio
E. M. Thomson, J. W. Stone, Jr., and W. H, Beasley
University of Florida, Gainesville, Florida

ABSTRACT

We have reduced and analyzed the data from a two-stroke lightning
flash to ground which occurred in South Florida on July 16, 1981, within
a network of four ground stations instrumented for VHF measurements,
about 15 km from a ground stati m instrumented for wide-band electric
field measurements, and within 10 km of a WC-130 aircraft operating
at 5.2 km and instrumented for wide-band electric and magentic field
measurements. The four-station ground-based VHF measurements allow
a reconstructi m of the geometry of the flash, which was composed of
two separate channels to ground. Electric field system bandwidth for
the ground measurement was from 0.02 Hz to about 2 MHz; electric and
magnetic field system bandwidths on the aircraft extended to 20 MHz.
Ground-based and airborne measurements of fields are presented and
shoun to be consistent with one another.
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DURING 1979, 1980, AND 1981 THE AIR FORCE
Wright Aeronautical Laboratories directed a
progran designed to characterize airborne
lightning electric anu magnetic fields.

A WC-130 aircraft instrumented for electric
and magnetic field measurements was flown in
South Florida in the vicinity of a network
of ground-based stations which provided
electric field at ground level and data from
which the location of lightning VHF sources
could be determined. Extensive data were
obtained. These will take many years to
analyze fully, In this paper we briefly
describe the instrumentation used during the
1981 measurement season and illustrate the
potential of the data base by presenting an
analysis of data from one two-stroke light-
ning flash to ground which occurred at
17:09:40 EDT on July 16, 1981,

AIRBORNE MEASUREMENT SYSTEMS

The WC-130 aircraft is about 30 m from
nose to tail and about 41 m in wingspan.
Aircraft resonances are expected at half and
integer multiples of 9.9 and 7.4 MHz. The
airbormne instrumentation had an upper fre-
quency response limit of about 20 MHz so that
some of these resonance effects could be
observed. Three basic types of sensors,
described in Baum et al, (1)* were used:

(a) plates to measure the component of the
electric field intensity perpendicular to
aircraft surfaces, (b) loops to measure the
magnetic field intensity parallel to aircraft
surfaces, and (c) loops to measure current
densities flowing in aircraft surfaces by
sensing the magnetic field associated with

those current densities. The latter
two sensors have essentially similar principles

of operation. A total of eleven sensors were
used on the WC-130 in 1981. Electric field was
measured on the forward upper fuselage, aft
upper fuselage, aft lower fuselage, and left
wing tip. Both horizontal components of the
magnetic field were measured on the forward
upper fuselage. Skin current density was mea-
sured on the top and bottom of each wing and
on the aft upper fuselage. All measured quan-
tities were continuously recorded on instrumen-
tation tape with an upper frequency response
limit of about 2 MHz. 1In addition, the deriva-
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tives of the measured quantities were sampled
at 20 ns intervals for time blocks of 160 us.
Such blocks of data, with an effective upper
frequency response limit of about 20 MHz, were
acquired at a rate of twice a second, the data
block being initiated in a pre-trigger mode by
an incoming signal exceeding a pre-set thresh-
hold.

GROUND-BASED MEASUREMENT SYSTEMS

Ground-based electric field measurements are
essential to proper interpretation of the air-
borne data since considerable information exists
on the characteristics of the fields observed
at ground level and the relation of those
fields to their sources, whereas such informa-
tion is not available for airborne fields. The
ground-based electric field system was similar
to that described in Beasley et al. (2). The
fields were recorded on eight channels of an
instrumentation tape recorder with a bandwidth
in the FM mode of 0.02 Hz to 500 kHz and in the
direct mode of 400 Hz to 2 MHz. A variety of
gains allowed the measurement of fields between
4 V/m and 40,000 V/m. Fig. 1 shows the overall
experimental setup including the location of
the trailer that housed the electric field
system.,

The VHF source location system comprised
four VHF stations located about 20 km apart as
shown in Fig. 1. The VHF radiation at each
station was (a) detected with an omnidirectional
antenna, (b) passed through a filter with a
center frequency of 63 MHz and a bandwidth of
6 MHz, (c) log amplified, (d) envelope detected,
and (e) recorded on a modified version of the
RCA VCT 201 Video Cassette Recorder. The sys-
tem allows VHF locations from the measurement
of the difference in the time of arrival of a
given pulse at the four stations as explained
in Rustan et al. (3) and Proctor (4). The time
correlation necessary for this measurement, about
0.1 us, was accomplished by using WWV for crude
time correlation and the vertical and horizontal
sync pulses from WINK-TV in Fort Myers (showm
in Fig. 1) for “ine time correlation. The hor-
izontal sync pulses have a rate of one each 63
us.

*Numbers in parentheses designate References
at end of paper.
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DATA

A conceptual sketch of the lightning
channels of a two-gtroke flash occurring on
July 16, 1981 at 17:09:40 EDT is shown in Fig.
1. The sketch is based on the VHF time of
occurrence and location of the VHF radiation
sources shown in plan view in Fig. 2a and look-
. ing north in Fig. 2b. The location and orien-
3 tation of the WC-130, which was flying at 5.2
F km, is also shown in both figures.

Both strokes appeared to originate from
about the same region, but the second went to
a different ground strike point, about 5 km
north-west about 250 ms after the first stroke.

v The first VHF radiation sources start

, about 50 ms before the first return stroke, at

) an altitude of about 7 km, that is, 2 km above

S the level of the WC-130, and about 7 km east

4 and 3 km south of it. The source locations then

spread up and down about 1 km and east to about
8 km in about 5 ms. During the last 5 ms before
‘ the return stroke, the source locations are at
g an altitude between 4 km and 1 km, from 7 to
10 km east and from 2 to 6 km south of the
WC-130., The ground strike point of the first
stroke appears to be between 7 and § km cast
and 2 to 3 km south of the WC-130. For about
0.5 ms after the return stroke, VHF sources
appear between 3 and 8 km altitude, 7 to 10 km
east and 1.5 to 8 km south of the WC-130.

About 200 ms later, VHF sources become

X active for 0.5 ms between 6 and 3 km altitudes,

4 5 to 9 km east and 2 to 3 km south of the

WC-130. Then, 30 ms later, for about 1 ms, VHF
. sources appear from 5 km down to 1.5 km alti-
tudes, 4 to 5 km east and 2 to 5 km south of
the WC-130. The strike point appears to be
about 5 km east of the WC-130.

{ Figs. 3, 4, and 5 show the vertical elec-
tric field at the ground station, the airborne
vertical electric field on the aft upper fuse-

b lage (AUF in Fig. 1), and the magnetic field in

the direction of the fuselage as measured on the

forward upper fuselage (FUF on Fig. 1), respec-

R tively, for the first stroke in the flash.

E: The stroke which produced the electric
field in Fig. 3 was at a range of 16 km from
the ground station and 8 km from the aircraft.
The airborne field magnitudes in Figs. 4 and 5
are not corrected for field distortion by the
aircraft. The stepped leader pulses which pre-
cede the return-stroke transition and the first
ten microseconds or so of the return-stroke
field are essentially radiation field at these
ranges; and the fields on and above the ground
are expected to have essentially the same shape
(5), as the results in Figs. 3, 4, and 5 con-
firm. After about 10 us, the return-stroke
electric fields show an electrostatic component
which the magnetic field does not possess (5)

e (6). Additionally, the low-frequency cut off

3 of the system used to obtain the magnetic field

shown in the figure decays slightly faster than

the actual field.
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The first-stroke electric-fleld intensity
measured ac the ground station has an {nitial
peak value of 50 V/m, or 8.0 V/m normalized to
100 km, a peak field typical of Florida light-
ning (7). The comparable fiel  values at the
WC-130 are 110 V/m, or a normalized 8.8 V/m,
on the forward upper fuselage, and 32 V/m, or
a normalized 2.6 V/m, on the aft upper fuselage.
The second stroke peak field measured on the
ground was 14 V/m, and the stroke was at a
range of 14 km, resulting in a normalized flel!
of 2.0 V/m, a relatively small value for Florida
return strokes (7). The airborne second stroke
fields were comparably small and difficuit teo
make any measurements on other than amplitude.
In th2 first stroke field records the ratios @
the stepped-leader pulse heights to the returrn
stroke peak are essentially the same, on avera:e
about 0.1, and, as expected, the stepped-leacer
pulses occur at the same times before the re-
turn stroke on all three records, as can he
seen in Figs. 3, 4, and 5. The zero-to-peak
rise-time of the first return stroke measured
at the ground is about 3.0 us, also consistent
with typical values measured in Florida (7},
with airborne values of 2.9 us at the forwarc
upper fuselage and 2.6 us at the aft upner
fuselage. Stepped leader pulses have zero-to-
peak rise-times on the ground of about @ .s
and full-widths at the pulse base of about I _.
Comparable airborne values are 0.8 Us and ...
us at the forward upper fuselage and 0.3 us an:
1.0 us at the aft upper fuselage. All measured
rise-times are well within svstem limits. The
rise-times on the ground are expected to be
longer than in the air because of the efrects
of groundwave propagation involving a non-
perfectly-conducting earth, as discussed in
Lin et al. (7), Uman et al. (8), and Weidman
and Krider (9). The reason that the rise-tizes
at the aft upper fuselage are faster than tho:.
at the forward upper fuselage 1is not known, ..
aircraft resonances may contribute to this
effect. Wing and fuselage resonances are
excited by the airborne horizontal electric
field which is the dominant field within abcut
1 km of a return stroke and is comparable to
the vertical field near 10 km (5). The leader
pulse rise-times are somewhat slower than the
typlical values for 10 to 90 percent of 0., .s
reported in Weidman and Krider (10) for licht-
ning over salt water.

Maximum rates-of change of airborne elec-
tric field for both leaders pulses and return
strokes were the same, about 40 V/m us, or
3.2 V/m us normalized to 100 km. These are to
be compared with the normalized mean of 3J V'm
us for return strokes and 21 V/m i.s for leader
pulses reported in Weidman and Krider (9) (10)
for lightning over salt water.
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Fig. 1 - The experimental setup including the
position of the WC-130 at 17:09:40 EDT on July
19, 1981 and a drawing of the two lightning
channels to ground deduced from VHF time~of~
arrival measurements
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APPENDIX 2

CALCULATIONS OF LIGHTNING RETURN STROKE
ELECTRIC AND MAGNETIC FIELDS ABOVE GROUND

Reprinted from

Journal of Geophysical Resedarch
86, 12,127-12,132, 1981
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Calculations of Lightning Return Stroke Electric
and Magnetic Fields Above Ground

M. J. MasSTER, M. A. UMaAN, Y. T. LIN' aND R. B. STANDLER®

Department of Electrical Engineering, University of Florida. Gainesville, Florida 32611

The first detailed calculations of hightning return stroke electric and magnetic fields above ground
are presented. Waveforms are given for altitudes from 0 to 10 km and ranges trom 20 m to 10 km
These waveforms are computed using the model of Lin et al. {1980} and a modihication of that model in
which the mital current peak decays with height above ground. Both the onginal and the modified
models result in accurate prediction of measured ground-based fields Return stroke field measure-
ments above ground close to the stroke, with which the calculations could be compared. have not yet
been made. Sahent aspects of the calculated fields are discussed. including their use i calibraung
airbome field measurements from simultaneous ground and airborne data

INTRODUCTION

Lin er al. (1980} have recently introduced a lightning
return stroke model with which return stroke electnc and
magnetic fields measured at ground level [Lin et al.. 1979]
can be reproduced. Here we use that model and a modifica-
tion of it to compute clectric and magnetic fields at altitudes
up to 10 km and at ranges from 20 m to 10 kra. These
calculations provide the first detailed estimates of the return
stroke fields that exist above ground and that are encoun-
tered by aircraft in fight. The most recent generdtion of
aircraft may be particularly susceptible to lightming electne
and magnetic fields because these aircraft are controlied
with low-voltage digital electronics and are in part construct-
ed of advanced composite matenals which provide a reduced
level of electromagnetic shielding {Corbin, 1979}, Hence,
the context of aircraft safety. calculations of the magnitude
and waveshape of airborne electric and magnetic ficlds are of
consderable prucuical interest. Furthermore, from a scien-
tific point of view, since airborne electric and magnetic fields
are presently being measured [Pirts et al.. 1979, Pirts and
Thomas, 1981, Baum. 1980}, a companson of the calcula:
uons given in this paper with appropnate expenmental data.
when they are available, will constitute a test of the return
stroke model.

THEORY

The hghtming return stroke current is assumed to flow in a
thin, straight. vertical channel of height H above a perfectly
conducting ground plane, as shown in Figure 1. The electnc
and magnetic fields at alutude z and range r from a vertical
dipole of length d:' at height ' and arbitrary current i(2', 1)

d: iz - ) [!
dE (r. &, 2. 1) = —— “ “‘E;_— j iz'. 7 - Ric) dr

o
. 3z - 29 e P 2~ ") a1~ Ric)
——— H.t - Ric) + s,
R R ar

' Now with Texas Instruments, Dallas. Texas 75234,
7 Now at the Rochester Insttute of Technology. Rochester, New
York 14523
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where (1) and (2) are expressed i cvhindrnicad coordinates, #y
Is the permittuvity and g, the permeabthty of vacuum, and all
geometnical tactors are illustrated in Frigure 1 Equauons 1
and (2) are obtained 1n a4 straightforward manner using an
approach siumular to that of Uman et al. {1975, In (1) the first
and fourth terms are gencraily called the electrostatic field.
the second and fifth the inducuon or intermediate field, and
the remaining two terms the radiation ficld. In (2) the first
term v the induction fieid and the sevond. the radiation held.
The eftects of the perfectly conducung ground plane on the
electne and magnetc fields due to the source dipole are
included by replacing the ground plane by an image current
dipole at distance —:’ beneath the plane, as shown in Figure
1 (Stratton, 1941]. The clectric and magnetic fields due to the
image dipole may be obtuined by substituting R; for R and
—z" for z"an (1) and (2) above.

In this paper we cxamine only the fields of a typical
subsequent return stroke because it 1s subsequent strokes
with which Lin e al. {1980} have tested their model. Subse-
quent strokes are more easily modeled than first strokes
because in contrast to firsts, subsequents have few if any
branches, have relatively constant return stroke velocities,
and are probably initiated at ground level rather than by
upward-going leaders [(Schonland, 1956).

The model of Lin et al. [1980] postulates that the return
stroke current is composed of three components: (1) a short-
durauon upward-propagating pulse of current of constant
magnitude and waveshape associated with the electrical
breakdown at the return stroke wavefront and responsible
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Fig. !.

Geometry for field computations.

for the retum stroke peak current; the puise is assumed to
propagate at a constant velocity; (2) a uniform current which
may already be flowing (leader current). an assumption we
use in this paper. or it may start to flow soon after the
commencemeni of the return stroke. and (3) a ‘corona’
current caused by the downward movement of the charge
initially stored in the corona sheath around the leader
channel and discharged by the passage of the return stroke
wavefront. These three current components are Ulustrated in
Figure 2.

Two observations form the basis for a modification of the
model of Lin et al. [1980):

1. At the ume that the research of Lin et al. [1980] was
done, subsequent strokes were thought 1o have both lumi-
nosities (hence, by implication, currents) and return stroke
velocities that were invanant with height {ScAonland, 1956].
However, Jordan and Uman [1980} have since shown that
subsequent stroke initial peak luminosity varies markedly
with height, decreasing to half-value in less than 1 km above
ground. The implication of this result is that the breakdown
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pulse current (component (1) in the model) must also de-
crease with height.

2. When the breakdown pulse reaches the top of the
channel, the model of Lin et al. [1980] predicts a field change
of opposite polarity to that of the iniual field, the waveshape
of the field change being a “mirror image’ of the imual field
change. A detailed discussion of the mirror image effect 1s
given by Uman er al. [1975]. It is observed occasionally n
the fields from first return strokes but aimost never in the
fields from subsequent return strokes (Lin er al., 1979}. If the
breakdown pulse current is allowed to decay with height so
that it has a negligible value when it reaches the end of the
channel, the mirror image should no longer be manifest in
the calculated fields.

In view of observations 1 and 2 above, we propose the
following modification to the mode! of Lin et al. {1980): the
breakdown pulse current is allowed to decrease with heighi
above the ground. all other features of the onginal model
remain unchanged. As we shall see, the fields at ground levei
produced by the modified model are essentially the same as
those due to the original model except for the absence of the
mirror image. However, the fields in the air, especially at
close ranges, differ considerably.

We first consider the calculation of the electric and
magnetic fields of a typical subsequent stroke using the
onginal model of Lin et al. [1980). We then repeat the
calcufation for the modified version of the model. The
subsequent stroke used in this study is that for which the
following data are given in Figure 11 of Lin er al. [1980]: both
measured and calculated fields at ranges of 2 km and 200 km
at ground level and caiculated current at ground level. This
calculated current and the three components which consu-
tute it are shown in Figure 3. The rise-to-peak of the
breakdown pulse component hasy been altercd from that
given by Lin er al. {1980] so as to be consistent with the
measurements of Weidman and Krider [1978). The sahient
parameters of the current used in the ficld calculatuons for
the case of a constant breakdown pulse current are 1}
breakdown pulse current: increase from 0 to 3 kA 1n 1.0 s,
followed by a fast transition to a peak value of 14.9 kA at | .|
us, half value at 3.8 us, and zero at 40 us; the breakdown

Siope = v —7

Vi

b=~ Unitorm
Current

137 Vly
breokdown

i oule
Current

2, V'Z corono

current

Heght, 1

1 2y* v I
_v, ty ty ‘s Oty 1y 1ty

Fig. 2. Current distribution for the model of Lin et al. {1980] in which the breakdown pulse current is constant with
height. The constant velocity of the breakdown pulse current is v. Current profiles are shown at four different umes. 1,
through 1,, when the return stroke wavefront and the breakdown pulse current are at four different heights 2, through z,,
respectively.
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Fig. 3. Return stroke current components at ground calculated from measured electnu and magneuc fields for a
typical subsequent stroke.

pulse current propagates upward with an assumed constant
velocity of 1 x [0® m/s, (2) uniform current: 3100 A, and (3)
corona current injected per meter of channel: lpe ¥ ™ e™ !
—e BN, withly =21 A/m, A= 1500m. a=10°s"" and b =
3 x 10% s™'. The initial charge stored on the leader and
lowered by the return stroke is 0.3 C. The channel length is
7.5 km. In the modified version of the model we use a
breakdown puise current whose amplitude decreases with
height as ¢~ %, with A = 1500 m; that is, the breakdown
pulse current decreases with height in exactly the same way
as does the corona current. All other parameters for the
modified model are the same as those for the original model.

Since both first and subsequent strokes probably have
initial currents which decrease with height (Schonland, 1956;
Jordan and Uman, 1980), and since the measured wave-
shapes of first and subsequent stroke fields at ground level
are qualitatively similar {(Lin er al., 1979]. one would also
expect the airborme subsequent stroke fields calculated using
the modified model to be qualitatively similar to airborne
first stroke fields.

RESULTS

Calculated vertical and horizontal electric fields are shown
in Figures 4a and 4b, respectively, and calculated magnetic
fields in Figure 4c. Solid lines represent the original model of
Lin et al. [1980) and dashed lines the modified version of the
model in which the breakdown pulse current decreases with
height. All zero times on the figures indicate the time at
which the return stroke current originates at ground level.
The waveforms at the field points begin after the appropriate
propagation time delay. The intersections of the slanted solid
lines with the horizontal dotted lines at vanious heights
indicate the times at which the return stroke wavefront
passes those heights. A number of features of the calculated
waveforms are worthy of note:

f. With the exception of the absence of the abrupt field
changes associated with the end of the channel, the fields on
the ground at all distances and the fields on the ground and in
the air beyond about 10 km are not much influenced by the
breakdown current pulse decrease with height. This is the
case because the initial parts of these field waveforms are
radiated by the breakdown current pulse while it is very
close to the ground and near its maximum amplitude, while
later portions of the field waveform are primarily due to the

uniform and corona currents which are the same in the
origina) and modified modeis. Hence it follows that ground-
based or distant airborne measurements cannot be used to
test the validity of the model modification introduced here.

2. The abrupt field changes associated with the unatten-
uated breakdown pulse current reaching the idealized ends
of the real and image channels [Uman et al.. 1975] do aot
occur when that pulse current is attenuated with height so
that 1t does not have an appreciable magnitude when it
reaches the channel end. As noted earlier, the fact that these
abrupt changes do not often occur in the experimental data
[Lin et al., 1979] was one of the reasons for the proposed
modification to the original model of Lin et al. [1980).

3. Atranges less than about 200 m the honizontal electnic
and the magnetic field components above ground attain
initial peak values at about the time at which the return
stroke breakdown puise current is at the same alutude as the
field point. The vertical ¢lectric field component undergoes a
sharp decrease at thix point. The maximum electnc and
magnetic fields are due to the charge and current. respective-
ly. associated with the breakdown pulse component at about
the time of its closest approach to the field point. The peak
electric field is essentially electrostatic, the peak magnetic
field essentially induction. The iniual peak field present in
measurements made beyond 4 few kilometers and assoctated
with the radiation field component of the breakdown pulse
current is present in the close electric and magnetic helds but
is small compared with the clectrostatic and induction fields,
respectively. The effect of the decrease of the breakdown
puise current with height is primarily 10 decrease the magni-
tude of the initial electrostatic and induction peaks.

4. At ranges less than about 200 m the verucal electnc
field above ground is bipolar for the unatienuated pulse
current due to the passage from below to above of the charge
associated with the breakdown pulse current. As one moves
farther away from the channel, is near the ground, or
considers a pulse which decays with height, this bipolar
effect is reduced. On the ground near the channe! the electric
field is always unipolar and of opposite polarity as compared
to the initial bipolar field. since the charge motion is always
at a height above that of the field point.

5. At ranges less than about 1 km the peak value of the
horizontal electric field above ground is larger than the
associated vertical electric field. The horizontal and vertical
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Fig 4a. Calculated vertical electric fields for a typical subsequent return stroke. The solid hines represent the
original model in which the breakdown pulse current i1s constant with heght. the dashed hines the modified modei 1n

which 1t decreases with height.

fields above ground are roughly equal in peak magnitude in
the 3 km range. and the vertical field is larger beyond about
10 km.

6. At ranges greater than 10 km the magnetic field and
the vertical electric field are relatively weak functions of
altitude, whereas the horizontal electnic field increases
roughly linearly with altitude. The magnetic field and the
vertical electric field are height independent as long as the
difference between the propagation paths from the source
dipole and its jmage is much less than the wavelength of the
highest significant frequency component of the electromag-
netic radiation from the source, a condition which is met to a
reasonable approximation at a range of about 10 km at
altitudes below about 3 km for the current waveshapes used
in the model. Hence measurements of distant magnetic and
vertical electric fields made simultaneously on the ground
and in the air provide a simple means of calibrating the
airborne measurements.

7. The initial nonzero value associated with the wave-
forms. which can be clearly seen in Figures 4a, 4b, and 4c at,
for example, 10 km, is due to the induction field from the
uniform current component (component 2 in the model)
assumed 1o exist at the time at which the breakdown pulse
eurrent is initiated at ground level. We associate the uniform
current with the dart leader which preceeds the return
stroke. The electrostatic field value at the time of the

imtiation of the return stroke at ground due to the current
flow prior to that time is unknown and hence 1s not inciuded
in the calculated fields. In the work by Lin er al. [1980] the
inttial field value was plotted as zero, since the actual vaiue
could not in general be determined from the type of measure-
ments made by Lin er al. {1979].

Discussion

In this paper we have presented the first detailed estimates
of airborne electric and magnetic fields due to hightning. We
have used the original model of Lin er al. [1980] and also a
modified version based on observauons of Lin er ai. [1979]
and of Jordan and Uman [1980). The new version of the
model (1) results in fields which do not exhibit abrupt
changes associated with the breakdown pulse current reach-
ing the top of the channel and (2) can be expected to produce
an initial luminosity which decreases with height above tae
ground. Though the individual currents which define the
modified model are not unique (see discussion by Lin ef ai.
[1980)), it is likely that the total current, which results in
accurate prediction of ground-based fields and is consistent
with (1) and (2) above, predicts airborne ficlds which are at
least qualitatively correct.

We have modeled the return stroke channel as a straight
vertical antenna. An actual return stroke channel is charac-
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Fig 4b. Calculated horizontal electric fielus for a typical subsequent return stroke. The solid lines represent the
onginal model in which the breakdown pulse current 1s constant with height; the dashed lines the modified modc! in

which 1t decreases with height.

tenzed by tortuosity on a scale from less than 1 m to over |
km {e.g.. Evans and Walker, 1963, Hill, 1968]. Hill [1969]
and LeVine and Meneghini [1978], using simple models.
have investigated the effects of channe! tortuosity on distant
radiation fields. LeVine and Meneghmi find that the wave-
forms computed for the case of a tortuous channel have finer
structure than those for a straight channel, resulting in a
frequency spectrum for the tortuous channel that has larger
amplitude at frequencies above about 100 kHz. Hill shows
that horizontal channel sections radiate significantly for
frequencies above 20-30 kHz but does not compare the
radiation from horizontal channel sections with that from
vertical sections. The effect of using a tortuous channel to
model the lightning return stroke fields at close range has
been investigated by Peariman [1979], again using a simple
model. His results indicate that channel tortuosity has little
«ifect on the close fields. Since the peaks in the close electric
and magnetic fields are due to the charge and current,
respectively, associated with the breakdown pulse current
(as discussed in (3) of the previous section), we suggest on
physical grounds that the general shapes of the close fields
should not be greatly different from those shown. However,
the peak fields at close range should occur at the time the
breakdown pulse reaches the point of closest approach to the
field point, and thus the distance of closest approach re-
places the range in Figures 4q, 4b, and 4c.

Available data on airborne field measurements are limited
to the observations of Pirts and Thomas [1980) and of Baum
[1980]. Pitts and Thomas do not appear to have any data on
return stroke fields. Baum presents airborne measurements
made on first and subsequent return stroke electric and
magnetic fields. He gives one typical first and one typical
subsequent return stroke electric field waveform. He does
not, however, make an independent measurement of the
distance to the lightning flashes he records. Rather, he uses
the values of the observed airborne initial peak fields and the
average observed values on the ground as a function of
distance obtained by Lin er al. {1979) to estimate the range.
We have shown in this paper that the peak radiation fields
for distances beyond about 10 km are about the same in the
air and on the ground. However, the companson with
average values of the fields on the ground as a function of
distance can lead to range errors of two or three, since
individual field values may differ from the average by this
factor [Lin et al., 1979). If we do use Baum's ranging
technique, the subsequent stroke waveform he gives is at a
range of about 20 km. The aircraft was at an altitude between
3 km and S km. The measured airborne electric field is very
similar to typical measured fields on the ground at that
range, as expected from the theory preseated in this paper.
A test of the validity of the predicted fields and hence the
model awaits measurement at close range of simultaneous

32




w
Q
2
-
-
-
<

MASTER ET AL.: LIGHTNING RETURN STROKE E AnD M FIELDS

* 20m 200 m

Fig. 4c.
{ decreases with height.

ground-based and airborne return stroke electric and mag-
netic fields.
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PHILIP KRIDEK

the NEMP. Nearby firet roturn strohes at o range of abouat S0 e, 4
thev are severe. produce eiectric-field spectra near ground oy
exceed that of the NEMP below about 107 Hy while the specis.
average nearby first return strohes exceed that of the NESTE oo
about 3 x 10" Hz. Imphications of these results for aircraft (o Nt
are discussed.

Kev Words—L.ightming.
spectra. aircraft.

EMP. electromagnetic fields. amplhitud.

L. INTRODUCTION

SERIES of recent articles describe the threat i the Uroe,

States command, control, and commumcaticns (0 4 e
work from ¢ nuclear electromagnetic pulse (EMP - Nt AP
generated by an exoatmospherie nuclear explosion. Broead
[1]-13] has critically exannined the vanous technial and e
lincal problems surrounding NEMP: Lerner [4], [5) v die
cussed the damaging crtects of NEMP on the € network and
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. nuviear power plants: and Raloft {6], [7] has considered

thireat posed by NEMP and the implementauon of deten-
<ae stratepies. 1t has often been stated [4), [6]), [8] that the
Cliedts of NEMP are comparable to, or greatly exceed, those of
2ie most severe hightning. For exampie, Holden |8] states that
“the EMP s o nuctosecond burst of electromagnetic energy, a
tiundred times more powerful than a hghtming bolt.”™ As far as
we are aware, the claims that NEMP effects almost always ex-
ceed those of hightming are not quantitatively justified in the
iiterature. On the other hand, a recent letter to the Editor of
the IEEF SpreTrUM [9) oites references to the lightming hter-
ature to support the view that hightning effects can be equiva-
ient to or exceed those of the NEMP.

The effects of NEMP trom an exoatmospheric burst will be
telt over a large peographical area, whereas the effects of a
single hehtuny discharge are local. Nevertheless, the fre-
auencs ut direct and nearby strikes to sensitive earthbound
structures bhe nuclear power plants, to electnic transmission
and distnibution systems, and to awcratt in flight 1s sufficiently
high to warrant a careful assessment of the lightning hazard.
Here we present frequency-domain compansons of the clec-
tiic and magnete fields near ground due to madel lighining
tewarn strokes with those of the NEMP from an exoatmos-
nherie bunt. The applicability of these results for altitudes at
which, tor example, aireraft operate, 1s presenthy o matter of
woccuiation due to the paucity of arrborne measurements, as
w = will discuss. We will show that, tn the frequency range from
10 1o neas 107 Hey, the calculated Founer amplitude spectra
o the reture stoke magnetic tields near ground 1 m from an
svergee aohtmne stuke will exceed that of the NEMP L and that
coectie ek spectrs near ground of severe nearhy first return
~roaey at S0 m exceed that of the NEMP below about 10° He
s spectra ot average nearby first return strokes are preater
Solew about 3 x 105 Hz To the extent that fields in the fre-
cuendy ranges in which hightning spectra exceed that of NEMP
reprresent o hazard by, for example, exciting resonances n a
errnoture which couple damagimg voltages and currents to clec-
tronics in the intertor of that structure 101, [ 1] lightnng ef-
iects can apparently be as severe as those due to the NEMP.

1. LIGHTNING

Recentv, it has been reported that the electnc and magnetic
Swids produced by all important lightning discharge processes
contain apmificant varations on a submicrosecond time scale
{121-[1s]. The existence of these field components, 1n turn,
implies that the currents which produce them contain large
sabmicrosecond vanations [13], {15]. 116], [19]. The few
virect wide-band measurements of lightning currents durning
stnines to airplanes in flight show submicrosecond rise times
tor current pulses tn the 100-A range {20], [21]. These puises
are probably associated with small cloud discharge processes.

Uman er al [22] have calculated the distant electric and
magnetic radiation fields produced at ground level by a fixed
current waveshape propagating up a straight vertical channel

MoV

E pq(D. 1) = — = +i(t - Djc)a,, tZDJc 1)
2nD
U .

HogtD, 0= — (1t - Dfc)ay, t2DJc (2)

2rcD)
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W

da

where (7). 7 =2 0, 1s the current at nme £, U s the velooity with
which the current pulse propagates up the channel, /) the
horizontal distance from the channel to the point st wincio tne
field s measured, ¢ s the speed of hght, wy, s the peimeabidin
ot free space, = as the vertical coordinate, and ¢ s the szimuthiad
coordinate. The best avaidable models for the current m the re-
turn stroke phase of 4 cloud-to-ground discharge [23] . [24]
(sec [25], [26] for a general review of lightning dischaige
phenomena) have model currents which, in the ume domain.
produce electric and magnetic fields in good agreement with
wide-band (de to about 2 MHz) ume-domain measurements
made at ground level. For these models, (1) and (2) provide 4
good approximation to the relation between the titiai reurn
stroke radistion field and the iniual return stroke current
Weidman and Krider [16] have measured the maxmmum 1ale
of the mtial stroke raduaton neld o
strohes and Nind 2 mean of about 30 Van-us nomialized B

of-rise return

st
an anverse range telation to a distance of 100 ke Thas siee
value, when substituted i (1), with an assumied retum strone
veloaty of 10% ms, Jeads o a caleulated mean raunimn
rate-of-rise of the return stroke current o aboui 150 KA Ly g
value which 1s representative of the current just above wiourn .
The maximum values ot maximum rate-otl-nse ot Nneld and ciss
rent trom 97 measured first strokes are shout 2.5 tumes iy
mean [16].

Lightning return stroke current wavetormn have bee o
recth
Switzerland [27]). wm taly (28] and m South Arnea |J

measured  during strikes to anstrumenied Towess i

i

Unfortunately, currents to tall towers do not necessaniy

vide a wood estmate of ihe current encountered i
carthbound structures or of the current i the hightoine ¢
nel above ground decause ot the effects of the relstveis lon:
upward-propagating leader which 1s initiated by the tower anc
because of the ettects of the tower induetance, capacttanc. .
and relanvely Jarge ground impedance charactenstic o b
mountatneiUs terrain where most measurements have boes
made. The upward-propagaang discharge, for exampic, ¢ui
cause a slower overall current nise tume at the tower than o
comparable strike to normai ground and could concenvabiy wi-
ter or mask the fast current components. This effect should be
mote pronounced for first return strokes than tor subseguent
strokes, since the latter are thought not to have long upward-
propagaung leaders. Berper er @l [27] found that the median
peak current for tinst rewum strokes which lowered nepatne
charge to a tower i Switzerland was 30 KA and that tae
median maximum rate-of-rise of the funent was 12 KA s,
The corresponding values at the S-percent level were SO KA
and 32 kAjus. For nevative strokes subsequent to the st

multiple-stroke tlashes, the median peak current was 17 kAL
and the median maximum rate-ot-nse was 40 KA us. Subse-
quent strokes at the S-percent fevel had a peak current o 30
kA and a maximum rate-of-rise of 120 kA/us. Hasinteresthing
to note that the subsequent stroke currents reported in |27)
have shorter overall rise times and larger maximum rates-of-
rise than first strokes. This result should be contrasted with
the eclectric radiation ficld measurements made by Weidiman
and Knder {13}, {16], who report no sigruficant differences
in the maximum rates-of-nse of first and subsequent stroke

fields. The tower on which Berver 2 @l |27 mude then

measurements was on top of ML San Salvatore in SwitZeriane
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TABLEIT A
CURRENT PARAMETERS FOR AN AVERAGE FIRST RETURN
STROKE OBTAINED FROM REMOTE FIELD MEASUREMENTS
IN ACCORDANCE WITH THE PROCEDURE QUTLINED IN
[23).124]

Current at ground

Time (us) Current (kA)
0.0 0.0
100.0 5.0
10%.0 20.0
105.1 35.0
107.0 18.0
112.9 29.0
120,90 1.0
1600t 18,0
60,0 120w
200,0 $.0
300.0 0.0

Iiven hv the tollowin: parameters

(1) Breakdown pulse curreat with velocity | x 1*% m/s:

t{us) 1 (xAd
[V p\‘.'
5.0 1940
S.1 o,
T.oo L
.o S,
wilat g

The pulse decavs expanenttlally witn height ahove the ground

with a4 decay constant o ox 10 m

(2) Unitorm curteat ek
time duration = .} ax; turnenn tiewe s 1,) s
(3) worone c.rfeat per untt lenpth as 14 1 . ‘e - Tt A
where,
1 > 83, Am
o
e vt m
I O .

FEEE I BN KA

- TABLEIB
CURRENT PARAMETERS FOR AN AVERAGE FIRST RETURN
STROKF OBTAINED FROM TOWER MEASUREMENTS {27]

Time (us) Current (kaA)

n.n0 a,-
3.0 1.2
5.0 7.0
6.5 14,0
7.8 1.0
A3 pL
8.6 3.0
9.0 34,0
10,0 35.0
40,0 28.0
80.0 21.6

250,49 9.0

On the other hand, the tower used in the South African study
[29] was situated on a comparatively flat terrain. In [29], a
maximum current rate-of-rise of 180 kA/us was reported for a
subsequent stroke, although the total sample size was only 11
flashes.

Berger et al. [27] have computed ‘“‘mean lightning current
waveshapes™ for first and subsequent negative strokes. These
were determined by first normaliziog all the measured wave-
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TABLEI A
CURRENT PARAMETERS FOR AN AVERAGL SUBSEOUENT
RETURN STROKF OBTAINED FROM REMOTE FIELD
MEASUREFMENTS (23], ]24]

Current at ground

Time (us; Carrent aA
N

1061 £

oo ",

HEP 1R 0

1034 PR Y

L] PP

IR it

120 1a.2

3o, .

Riven by the following parameturs

(1) Breakdown pulse curreni with velocity 1 x " " & g

tia.s) 1 x4

et

The pulse decavs exponentially with hetent avove the sro
with a decav constant, R O S O T
{2 Unitorm curtent Lomo Ve
time duration = .0 @s, tarn-on tige = . =
¢ Cotona current per uwmt deadts as 1o« @ W77 a7 T 4
where,
: -« Am
L R T
Vel ot LT
¢ “
TABLE I B

CURRENT PARAMETERS FOR AN AVIRAGE SL =1 1
RETURN STROKE OBTAINED FROM TOWY
MEASURFMENTS {27

Time ves rurrent (eA

-

.t N

B laow

- IEN

“ 13-

" D-

AN

Lo AN
26 ‘

forms to a peak value of unity and then averaging the incas
ured values at each time. It this “mean waveshape™ 1 scaled
up in current to produce a large-amplitude waveform, as we
shall do to model a severe lightning, the rate-of-rise necessarily
scales also. On the other hand, the reported tower measure-
ments do not show a very strong correlation between the peak
current and the rate-of-rise of current [27], [30].

There is general agreement that the mean peak current dur-
ing strikes to normal objects on the ground is in the 20-40-kA
range, and that peak currents of 175-. 25 kA are present in
about | percent of the strikes {31].
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To caleulate return stroke tields tor companson with the
NEMP, we widl use first and subscquent return stroke current
wavetorms that arc anterred from both the remote electro-
magnetic-ficld measurements and the tower measurements.
Specification of currents for average first and subsequent
strokes is given 1n Tables | and 1. The peak current value for
an average first stroke 1s chosen to be 35 kA, and for an aver-
age subsequent stroke, 18 kA. The currents denived from the
electrumagnetic-field measurements [23], [24], differ from
the directly measured currents on Mt. San Salvatore [27} pri-
muartly in the relatively slow rate-of-nise ot first stroke current
in the tower measurements compared to that derved from the
ticlds. Severe lightning currents are obtained by multiplving by
4 tactor of Jive both the typical currents derived from electro-
magnetic fields [23], [24] and the “mean hightning current
waveshapes™ trom tower measurements [27] given in Tables |
and 1L Althougn the peak value of the currents determined
this way are representative of measured severe hghtning [31],
the rate-of-nse we use tor severe lightning, five umes the aver-
age value, may be excessive 1t the rate-of-change of current
does not scale wath the current. As noted previously, no strong
cortelation has been tound between peak current and rate-of-
change of current v the tower measurements [27], [30]. Ne
data have been pubhlished on this correlation tor the currents
denved from the ficlds. and, as noted previously, the largest
value of the maximum rate-or-nse of the electric radiation field
tor 97 nrst strokes was onby about 2.3 tumes the mean | lo].

HI. NEMP

The charactenstios ot the NEMP are g tunction of whethes
the nuviedr event s o out of the atmosphere and the dis
tanve trom it A thorough survey ot the mechanisms by which
tie NEMP s penerated, the detads o1 the coupling of the
NEMP 1o g variety ot svstems, and the response ot those svs
teins oy tound i two volumes of collected papers [10] ] 11H].
Keasonable approximations to the NEMP wavetorm at the sui-
tace ot the earth or at wireratt altitude due to an exoatmos-
phenic burst have been given in Lee [11]. For the presentstudy |
we choose the exoatmospheric burst NEMP wavetorm trom
Lec [11] which appears to be the choice of most NEMP re-
scarchers

Ly = Folem o - e ¥, 120 (3
Hiey = Holem ® e 90 120 (4)
with kg = 32X 10° Vim, Hy = 1.4 X 10} Ajr = 4.0 X

1065 T and 3= S0 x 10% s L.

IV. COMPARISONS
A. Direct Strike and NEMP

To compare the fields from lghtning dircct strikes with
NEMP fields. we must choose an example object to be struck.
Let us consider the fields at the surface of a hypothetical
cvhindricai metallic aircraft fuselage of radius r. We choose the
aircratt as an example because of its considerable practical im-
portance. It a hghtmng return stroke attaches directly to this
arrcraft and the current flows uniformly along the fuselage, the
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magnetic-field intensity at the surface will be about

!
H——- 5

dar

where / is the hghtning current and where the total field has
been approximated as magnetostauc. Obviously, the field wil}
be the same at a distance r from the axis of any structure
much longer than r which uniformly carnes the current, und
hence. the results to be obtained are generally apphicable. ¢
the aircraft is struck by an average first return stroke with,
peak current of about 35 KA, the peah magnetic feld a1 e
surface with an assumed radws of 1 m will be about ~ ¢ .

10° A/m. A 175-kA severe stioke will produce a peak tieid of
about 2.8 X 10% A/m. If about half of the lightning field rises
to peak m about 0.1 us, as suggested by the electromagnet-
field measurements of Weidman and Krider {13}, [l6]. tren
the maxunum rate of change of the magnetic tHeld trom an
average Nirst stroke will be about 2.8 X 1012 Armes and 1o
a severe stroke will be about 1.4 X 10" Armey The pean
NEMP 1ield, 2.8 > 10° A m, can be obtained by muitipham
(43 by 1 tactor ot 2. to take account of the reflection o3
NEMP plane wave from the metallic surface ot the o
The maximum field rate-ot-change tor NEMP o 7.4« o0
v mes and exists for o tme of the oider of d nenosecene. 1o
return stroke peak fields from normal hehtninge excees 11«
ot the NEMP by 4 tactor of about 20. The NEMP muanman.
rate-oi-change exceeds thut of nonnal hghtme? by g tactor o
apout S and s about equal to that of severe dphtinng.

We now examine how the tme-domam darameles aeine.
above jor hiehtnmg and NEMP are redected uoine boune
dinplitude spectia tor the twoevents, Avalin we s e e
ot the fields on the suttace of anc aircratt. e calvaiated oo
ming hields, however, bemy essentially the same at comparine
distance trom any duect stnke. For e compuiatons
volving currents denved trom electne and muagnetic Do
both the radiaton and inducuon field terms 1 the gono
ficld equations have been meluded {231, {241 althousl, (31,
with the currents enen an Tables TA and AL provides d vond
dpproxamation to the end results bncaleaiinions imvaoivin - cur-
rents from tower measurements, the muagnetic Neld v caidu
fated directly from (5),

Figs. 1 and 2 show the Fourter amphtude spectrs ot the
tme-domain magnetic tields proguced 0y currents aiven
Tables 1 and I 1or both average and severe return stroses we-
rived from both tower and remote nield measurements. Tae
current waveforms are composed of stratght-hine segments be-
tween the points given n Tables 1 and I and are digiizes
0.005-us intervals tor the caleulation of the Founer ampiituce
spectra. The spectra anterred from the electromagnetic-field
measurements are larger above 10° Hz than those Jdenwved
from the tower data for first strokes, due to the relatively
slow first-stroke current rate-of-rise measured on towers. but
the two spectra are simdar for subsequent strokes. For aver-
age return strokes, the spectral amplitudes tor the first and
subsequeut stroke fields determined from remote electromag-
netic measurements, and the subsequeni-stroke measurcd
tower current, are equal to the NEMP at a frequency near




i e a

414 IEEE TRANSACTIONS ON ELECTROMAGNETIC COMPATIBILITY, VOL. EMC-24, NO. 4, NOVEMBLR 1982

SEVEAR FIAST
1" AETURN STROKE
400
¢
3 AVERAGE FIRST
E AETUAN STROKE
z -0 v
13 e -
R
120
T FROM REMOTE FIELD MEASUREMENTS
Teor T #ROM DIRECT TOWER MEASUREMENTS
Nod w0t 0* 10% 0’ 0t

FREQUENCY (Hg!

Fig. 1. Magnetic-field Founer amplitude spectra for a direct strike by
an average and a severe first return stroke from both tower and re-
mote tield measurements and for NEMP. The dips 1n the remote
field data at 1 x 107 and 2 X 107 Hz are due to the large linear cur
rent transition taking place in 0.1 us during the current rise to peak.
Since real waveshapes do not have such linear transitions, the dips
in the spectra are artificial.
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Fig. 2. Magnetic-licld Fourier amplitude spectra for a direct strike
by an average und a severe subsequent return stroke from both
tower and remote tield measurements and for NEMP. The dips in the
remote field data at 1 X 107 and 2 x 107 Hz are due to the large
linear current transition taking place in 0.1 us during the current

rise to peak. Since real waveshapes do not have such linear transi-

tions, the dips in the spectra are artificial.

10”7 Hz and exceed the NEMP at frequencies below that value.
For above-average return strokes, the lightning spectra exceed
the NEMP spectra to frequencies above 107 Hz.

The preceding comparisons between lightning and NEMP
fields are, strictly speaking, applicable only near ground. We
use the example of an aircraft because of its practical impor-
tance, and, for that reason, a discussion of the fields above
ground is in order. An aircraft in flight would probably not
encounter the full return stroke current which would flow
through a structure on the ground since the return stroke cur-
rent will probably decrease with height [24]. In fact, Clifford
and Kasemir [32] argue that most strikes to aircraft are not
return strokes but are triggered by the aircraft and are some
sort of in-cloud discharge with a rate-of-change of current an
order of magnitude less than that of the average return strokes
we are considering. Clifford and Kasemir [32] contend that
aircraft are only occasionally involved with return strokes, al-
though the total data from instrumented aircraft, on which
this opinion 13 based, are meager. In any event, relatively large
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return stroke currents at ground level may well still procuce
currents at aircraft operational altitudes to cause riclds cquin-
alent to the NEMP at frequencies below about 107 Hz. Murc
important is the observation that both the n-cloud dischurce
processes which precede stepped leaders in ground flashes and
certain pulses in intracloud lightning discharges procuce
Fourier amplitude spectra measured near ground tor distant
discharges comparable to those of distant return strokes {175,
implying that there are in-cloud events which produce dose
fields in the cloud equivalent to close return stroke feics fess
ground. These in-cloud processes can be expectec tointersc:
with aircraft. An accurate assessment of the prohasbinty o
craft involvement with different types and phases of nann.
awaits further research. Finally, 1t 1s worth noang ingt -
NEMP wavefront 1s plane whide the hightnine See oo
and that hghtning channel attachment to an atrcratt may ciies
the behavior or travehing and reflected waves on the siici.
structure from the tree tield NEMP case, and hence therc i,
be additional factors in the companson which we Love
considered.

B Nearby Lightning and NFMP

For the direct Lightning stnike, we have comparcd (U s
netic field at an aircrart surtace with the NEMP. For o
flash, we will compare the electne fields. The tichds wre
which would exist in the absence of the aircrait. We w0,
spectra unly tor the severe tirst return strohe ai covang o
In Fig. 3, we show the NEMP spectrum calculoies o
the expression given in (2) along with three elecine el .
amplitude spectra for severe first returni stroaes woin
strike the ground 50 m trom the vbservauon point. The "hined
lightning amplitude spectra are: 1) the average first
electric radiation ficld spectrum megsured by Werman
[17] for return strokes at about 30 km extrapoaes !
using an mverse distance relationship and muluiplica ¢, .
tor of 5 to simulate a severe stroke: 2) the clectnic tadiaiion
field spectrum at 50 km calculated using the model o7 Moo
et al. [24] with the currents in Table LA multipiiec by & T
tor of 5 and extrapolated to 50 m using an inverse distunice
relationship; and 3) the total electric-field spectrum at 0 m
calculated using the model [24] with the currents n Tuble
IA muitiplied by a factor of' 5.

The calculated and the measured radiation ficid srecira ot
50 km extrapolated to 50 m are essenually wdenncai. The siip-
litude spectrum computed tor the total eleciric ke i 4
175-kA lightning at 50 m is equal to the extrapulated racia an
field near 107 Hz and is greater for lower frequencics mecause
the electrastatic and induction components of the totai tieid
add to the radiation component. The spectrum of the total
electric field exceeds that of the NEMP below about 10° Hz.
For an average nearby first return stroke, the total electncai
field spectrum exceeds that of the NEMP below about 3 X
10% Haz.

The nearby discharge has been assumed to be at a distance
of 50 m because this is about the range at which an carth-
bound structure or an aircraft in tlight would be expected to
become involved in a typical direct strike. The closest distance
at which the lightning return stroke fails to attach to a grouna-
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Fig 3. Fleaine-Nield Founer amplitude spectra for a severe furst re-
turn stroke at SO m and for NEMP. For the purpose of clarity, dips
in the computed 50-km spectrum, simuar to those shown in Figs.
1 and 2. have been omitted.

based structure may be derived from the “striking distance”
concept developed by Gold [33].

Fig. 3 shows the vertical electric field at ground level.
Master er al [24] have computed the honzontal and vertical
electric fields and the horizontal magnetic fields above ground
level. The vahidity of these calculations, however, depends on
the validity of the assumed currents above ground level. Field
measurements above ground are needed before the adequacy
uf the calculated nearby return stroke-field environment above
ground can be evaluated. Further, future calculations should
include the cffects of channel tortuosity which are not taken
into account 1n the model [23], {24} used in this paper. Al-
though nearby return stroke tields may well decrease with
altitude to the pomnt that they are unimportant compared to
tie NEMP, in-cloud processes, as noted carher, can produce
Jistant fields near ground with comparable Founer amplitude
spectra to return strokes [17], implying that nearby in-cloud
processes at arrcraft altutudes can produce a similar electro-
mugnetic environment to that of nearby return strokes at
ground level.

V. DISCUSSION AND CONCLUSIONS

In this paper, we have compared calculations of the electro-
magnetic environment in the frequency range 10°-107 Hz pro-
duced near ground by direct and nearby lightning return strokes
with those duc to the NEMP produced by an exoatmospheric
burst. In that frequency range, the calculated Fourier amplitude
spectra of the magnetic tields | m from a direct lightning strike
by an average return stroke are greater than that of the NEMP.
The spectra of severe nearby first return strokes at about SO m
exceed that of the NEMP below about 10® Hz of average
nearby first strokes below about 3 X 10% Hz. These results fol-
low primarily from the time-domain return stroke currents
given in Tables 1A and I1A, which were determined by theory
from measured time-domain electric and magnetic fields. The
frequency spectra calculated from fields computed usiug these
currents are in excellent agreement with measured frequency
spectra up to 107 Hz for lightning at a distance of S0 km, as is
evident from Fig. 3, providing confidence in the model currents.

Although many of the computations in this paper were per-
formed for an idealized aircraft near ground, the basic results
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are applicable to any similar size ground-based system and, to
the extent discussed, to aircraft at flight altitudes.
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